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(54) Abstract Title 

A diplexer comprising an Impedance transformer band-pass filters and a reactance compensating element 



(57) A diplexer for use in a radio communication system 
operating In at least two spaced-apart frequency bands 
above 200 MHz has an antenna port 33, an impedance 
transformer in the form of a length 32 of transmission 
line, first and second equipment ports 44, first and second 
bandpass filters 36, 38 and a reactance compensating 
element 46, its length being such as to provide a 
transmission delay of about 907 at a frequency 
approximately midway between respective upper and 
lower frequencies In the two frequency bands. The first 
and second bandpass filters 36, 38 are connected between 
the first and second equipment ports 44 and the reactance 
compensating element 46, and are tuned to the upper and 
lower frequencies respectively. With and antenna 
resonant in the two different frequency bands, the 
diplexer provides for simultaneous operation of radio 
communication equipment in both bands. 
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ADIPLEXER 

This invention relates to a diplexer for coupling to an antenna operable in at least two 
frequency bands lying above 200MHz. 

5 

An antenna for operation at such frequencies is disclosed in the Applicant's 
GB2292638A, the subject matter of which is incorporated in this specification by 
reference. In its preferred form, the antenna of that application has a cylindrical 
ceramic core, the volume of the solid ceramic material of the core occupying at least 
10 50% of the internal volume of the envelope defined by the elongate conductive 
elements and the sleeve, with the elements lying on an outer cylindrical surface of the 
core. 

The antenna is particularly intended for the reception of circularly polarised signals 
15 from sources which may be directly above the antenna, i.e. on its axis, or at a location 
a few degrees above a plane perpendicular to the antenna axis and passing through the 
antenna, or from sources located anywhere in the solid angle between these extremes. 
Such signals include the signals transmitted by satellites of a satellite navigation 
system such as GPS (Global Positioning System). To receive such signals, the 
20 elongate conductive elements comprise four coextensive helical elements having a 
common central axis which is the axis of the core, the elements being arranged as two 
laterally opposed pairs of elements, with the elements of one pair having a longer 
electrical length than the elements of the other pair. 

25 Such an antenna has advantages over air-cored antennas of robustness and small size, 
and over patch antennas of relatively uniform gain over the solid angle within which 
transmitting satellite sources are positioned. 
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The applicants have found that it is possible to use such an antenna in different 
frequency bands which may be spaced apart from each other. In particular, the antenna 
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is resonant in a first resonance mode in the first frequency band and in a second 
resonance mode in the second frequency band. 

The first mode of resonance may be associated with substantially balanced feed 
5 currents at a distal end of the feed structure, e.g. when the trap substantially isolates the 
elongate conductive element from a ground connection at a proximal end of the 
antenna. In the case of an antenna having one or more pairs of elongate conductive 
elements acting as radiating elements, and a trap in the form of a conductive sleeve 
surrounding the dielectric rod, the or each pair of elongate conductive elements acts as 
10 a loop, with currents travelling around the rim of the sleeve between opposing 
elements of the pair. In the case of the antenna having two or more pairs of helical 
elements forming parts of loops of differing electrical lengths, such balanced operation 
may typically be associated with circularly polarised signals directed within a solid 
angle centred on a common central axis of the helical elements. In this first mode, the 
15 antenna may exhibit current maxima or voltage minima close to or at the connections 
of the elongate conductive elements to the feeder structure and close to or at their 
junction with the rim of the sleeve. 

The second mode of resonance is preferably associated with single-ended or 
20 unbalanced feed currents at the distal end of the feeder structure, as is typically the 
case when the antenna is resonant in a monopole mode for receiving or transmitting 
linearly polarised signals, especially signals polarised in the direction of a central axis 
of the antenna. Such a mode of resonance may be characterised by standing wave 
current minima substantially midway between the ends of the rod. 

25 

In the first mode of resonance, the frequency of resonance is typically a function of the 
electrical lengths of the elongate elements, whilst the resonant frequency of the second 
mode of resonance is a function of the sum of (a) the electrical lengths of the elongate 
elements and (b) the electrical length of the sleeve. In the general case, the electrical 
30 lengths of the elongate conductive elements are such as to produce an average 
transmission delay of, at least approximately, 180* at a resonant frequency associated 



with the first mode of resonance. The frequency of the second mode of resonance may 
be determined by the sum of the average electrical length of the elongate conductive 
elements and the average electrical length of the sleeve in the longitudinal direction 
corresponding to a transmission delay of at least approximately 1 80" at that frequency. 

5 

It is an object of the present invention to provide means for connecting such an 
antenna to equipment operating in different frequency bands. According to the 
invention, there is provided a diplexer for operation at frequencies in excess of 200 
MHz comprising: an antenna port; an impedance transformer in the form of a length of 

10 transmission line having one end coupled to the antenna port and the other end forming 
a circuit node; first and second equipment ports; a first bandpass filter tuned to one 
frequency and connected between the node and the first equipment port, a second 
bandpass filter tuned to another frequency and connected between the node and the 
second equipment port; and a reactance compensating element, such as an open-circuit 

1 5 stub element, connected to the node. 

The diplexer may thus form a coupling stage having a common signal line associated 
with the feeder structure of an antenna as described above, at least two further signal 
lines for connection to radio signal processing equipment operating in different 

20 frequency bands and, connected between the feeder structure and the further signal 
lines, an impedance matching section and a signal directing section. The signal 
directing section may be arranged to couple together the common signal line and one 
of the two further signal lines for signals which lie in one of the bands and at which the 
antenna is resonant in a first mode of resonance, and to couple together the common 

25 signal line and the other of the two further signal lines for signals which lie in the other 
band and at which the antenna is resonant in a second mode of resonance. 

The diplexer may thereby form part of the antenna system, the filters being coupled 
between the common signal line and the further signal lines, first filter being 
30 associated with one of the two further signal lines and tuned to an upper frequency 
which lies in one of two frequency bands and the second filter being associated with 
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the other of the two further signal lines and tuned to a lower frequency which lies in 
the other of the two frequency bands. The impedance transforming element may be 
coupled between the common signal line and the node to which the filters and the 
reactance compensating element, which may be in the form of an impedance 
5 compensation stub. The transforming element, the filters, and the stub are 
conveniently formed as microstrip components. In such a construction, the 
transforming element may comprise a conductive strip on an insulative substrate plate 
covered on its opposite face with a conductive ground layer. The strip forms, in 
conjunction with the ground layer, a transmission line of predetermined characteristic 

10 impedance. Similarly, the stub may be formed as a conductive strip having an open 
circuit end. Although the filters may be conventional "engine block" filters, they may 
instead be formed of microstrip elements on the same substrate as the transforming 
element and the stub. These filters are desirably connected to the above-mentioned 
node by conductors which are electrically short in comparison to the electrical lengths 

1 5 of the transforming element. 

The transforming element may also comprise a length of cable connected in series 
between the antenna feeder structure and the diplexer node, or it may comprise the 
series combination of such a cable and a length of microstrip between the feeder 
20 structure and the node, the cable having a characteristic impedance between the source 
impedance constituted by the antenna and a selected load impedance for the node. 

The system typically operates over two frequency bands only, but it is possible within 
the scope of the invention to provide a system operative in three or more spaced apart 
25 bands. 

The length of the transmission line forming the impedance transformer may be such as 
to effect a resistive impedance transformation at a frequency between the upper and 
the lower frequency whereby the impedances at the said node due to the transformer at 
30 the two frequencies has, respectively, a capacitive reactance component and an 
inductive reactance component, and wherein the stub length is such as to yield 
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inductive and capacitive reactances respectively at the two frequencies thereby at least 
partly compensating for the capacitive and inductive reactances due to the transformer 
so as to yield at the node a resultant impedance at each of the two frequencies which is 
more nearly resistive than the impedances due to the transmission line. 

5 

Typically, the transmission line length is such as to provide a transmission delay of 
about 90* at a frequency at least approximately midway between the upper and lower 
frequencies. 

1 0 The invention will now be described by way of example with reference to the drawings 
in which: 

Figure 1 is a diagram showing radio communication apparatus including an antenna 
operable in two frequency bands; 

15 

Figure 2 is a perspective view of the antenna of the apparatus of Figure 1; 

Figure 3 is an axial cross-section of the antenna, mounted on a conductive ground 
plane; 

20 

Figures 4A, 4B and 4C are perspective views of the antenna indicating the differing 
standing wave patterns on the conductors on the outer surface of the antenna when 
operated in different modes of resonance; 

25 Figure 5 is a plan view of a microstrip diplexer in accordance with the invention; 

Figures 6A to 6E are Smith chart diagrams illustrating the functioning of the diplexer 
of Figure 5; 

30 Figure 7 is a diagram of alternative radio communication apparatus; and 
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Figure 8 is a diagram of an integrated radio communication unit. 

Referring to Figure 1 of the drawings, radio communication apparatus for use at 
frequencies above 200 MHz is capable of performing different functions. It 
5 incorporates an antenna system comprising, firstly, an antenna I in the form of an 
elongate cylindrical ceramic rod with metallic elements plated on the outside to form a 
quadrifilar helical antenna element structure with a proximal conductive sleeve 
forming a cuiTent trap between radiating elements of the antenna and a ground 
connection at its lower end. In this specification the term "radiating" refers to 
10 elements which act to radiate electromagnetic energy from the antenna if suitably fed 
from a transmitter, but which in apparatus including a receiver act to absorb such 
energy and to convert it into ohmic currents in the antenna. 

The antenna 1 is mounted on a laterally extending conductive surface 2 which, in this 
15 embodiment, is formed by a wall of the casing of a coupling stage in the form of a 
diplexer unit 3. An internal feeder structure 1A of the antenna is coupled to the 
diplexer unit 3 at a common port 3A thereof. The radio communication equipment 
includes a GPS receiver 4 connected to a first equipment port 3B of the diplexer unit 3 
and a cellular telephone receiver 5 connected to a second equipment port 3C of the 
20 diplexer unit 3. 

Antenna 1, as will be described below, has different modes of resonance in spaced 
apart frequency bands. In this example, a first mode of resonance is associated with a 
resonant frequency of 1.575 GHz, the antenna exhibiting a maximum in gain for 

25 circularly polarised signals at that frequency, the signals being directed generally 
vertically, i.e. parallel to the central axis of the antenna. This frequency is the GPS LI 
frequency. A second mode of resonance of the antenna 1 in this embodiment is 
associated with a resonant frequency of about 860 MHz and signals linearly polarised 
in a direction parallel to the central axis of the antenna 1. 860 MHz is an example of a 

30 frequency lying in a cellular telephone band. 
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The diplexer unit 3 provides impedance matching of units 4 and 5 to the antenna 1 in 
its first and second modes of resonance, and isolates the two units 4 and 5 so that they 
may be operated independently, i.e. largely without the operation of one interfering 
with the operation of the other. The diplexer unit 3 will be described in more detail 
5 below. 

The arrangement illustrated in Figure 1 is suitable for a number of applications in 
which positioning information and the ability to communicate via a cellular telephone 
are required together. The arrangement is particularly useful for installation in an 

10 automobile, in which case the GPS receiver 4 can provide the driver with navigation 
information via the same antenna as a permanently installed car phone or a portable 
cellphone plugged into automobile wiring. The antenna 1 and diplexer unit 3, being 
small and robust, are well suited to automobile and other mobile applications. It is 
possible to combine the GPS receiver and the telephone within a single unit, together, 

1 5 if required, with the diplexer. 

The antenna 1 is shown in more detail in Figures 2 and 3 and is as disclosed in 
Applicant's co-pending British Patent Application No. 9603914.4 the disclosure of 
which is incorporated in this specification by reference. In its preferred form, the 

20 antenna is quadrifilar having an antenna element structure with four longitudinally 
extending antenna elements 10A, 10B, IOC and 10D formed as metallic conductor 
tracks on the cylindrical outer surface of a cylindrical ceramic core 12 which takes the 
form of a rod. The core 12 has an axial passage 14 with an inner metallic lining 16, 
and the passage houses an axial feeder conductor 18. The inner conductor 18 and the 

25 lining 16 in this case form a coaxial feeder structure 14 for connecting a feed line to 
the antenna elements 10A _r_10D. The antenna element structure also includes 
corresponding radial antenna elements 10AR, 10BR, 10CR, 10DR formed as metallic 
tracks on a distal end face 12D of the core 12 connecting ends of the respective 
longitudinally extending elements 10A - 10D to the feeder structure. The other ends of 

30 the antenna elements 10A - 10D are connected to a common conductor in the form of 
a plated sleeve 20 surrounding a proximal end portion of the core 12. This sleeve 20 is 



in turn connected to the lining 16 of the axial passage 14 by plating 22 on the proximal 
end face 12P of the core 12. The material of the core 12 occupies the major portion of 
the interior volume defined by the antenna elements 10A - 10D and the sleeve 20. 

5 The preferred material for the core 12 is zirconium-titanate-based material. This 
material has the above-mentioned relative dielectric constant of 36 and is noted also 
for its dimensional and electrical stability with varying temperature. Dielectric loss is 
negligible. The core may be produced by extrusion or pressing. 

10 The antenna elements 10A - 10D, 10AR - 10DR are metallic conductor tracks bonded 
to the outer cylindrical and end surfaces of the core 12, each track being of a width at 
least four times its thickness over its operative length. The tracks may be formed by 
initially plating the surfaces of the core 12 with a metallic layer and then selectively 
removing the layer to expose the core. Removal of the metallic layer may be 

15 performed by etching according to a pattern applied in a photographic layer similar to 
that used for etching printed circuit boards. Alternatively, the metallic material may be 
applied by selective deposition or by printing techniques. In all cases, the formation of 
the tracks as an integral layer on the outside of a dimensionally stable core leads to an 
antenna having dimensionally stable antenna elements. Another method of forming 

20 the conductors involves cutting grooves in the material of the core, plating the whole 
of the outside of the core, and then removing an outer layer of the plated coating by 
centreless grinding to leave islands of ceramic material, as disclosed in co-pending 
British Patent Application No. 9622798.8, the contents of which are incorporated in 
this application by reference. 

25 

The conductive sleeve 20 is similarly plated and covers a proximal portion of the 
antenna core 12, thereby surrounding the feeder structure 16, 18, with the material of 
the core 12 filling the whole of the space between the sleeve 20 and the metallic lining 
16 of the axial passage 14. The sleeve 20 forms a cylinder having an average axial 
. 30 length / B as shown in Figure 2 and is connected to the lining 16 by the plated layer 22 
of the proximal end face 12P of the core 12. In the first mode of resonance, the 
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combination of the sleeve 20 and plated layer 22 has the effect that signals in the 
transmission line formed by the feeder structure 16, 18 are converted between an 
unbalanced state at the proximal end of the antenna and an approximately balanced 
state at an axial position generally at the same axial distance from the proximal end as 
5 the average axial position of the upper linking edge 20U of the sleeve 20. 

As will be seen from Figure 2, the sleeve 20 has an irregular upper linking edge or rim 
20U in that it rises and falls between peaks 20P and troughs 20T. The four 
longitudinally extending elements 10A - 10D are of different lengths, two of the 

10 elements 10B, 10D being longer than the other two 10A, 10C by virtue of the longer 
elements being coupled to the sleeve 20 at the troughs of rim 20U while the other 
elements 10A, 10C are coupled to the peaks. In this embodiment, intended for 
reception of circularly polarised signals when resonant in the first mode of resonance, 
the longitudinally extending elements 1 OA - 10C are simple helices, each executing a 

15 half turn around the axis of the core 12. The longer elements 1 0B, 10D have a longer 
helical pitch than the shorter elements 10A, 10C. Each pair of longitudinally 
extending and corresponding radial elements (for example 10A, 10AR) constitutes a 
conductor having a predetermined electrical length. In the present embodiment, it is 
arranged that the total length of each of the element pairs 10A, 10AR; 10C, 10CR 

20 having the shorter length corresponds to a transmission delay of approximately 135° at 
the operating wavelength in the first mode of resonance, whereas each of the element 
pairs 10B, 10BR; 10D, 10DR produce a longer delay, corresponding to substantially 
225°. Thus, the average transmission delay is 180°, equivalent to an electrical length 
of 7J2 at the operating wavelength. The differing lengths produce the required phase 

25 shift conditions for a quadrifilar helix antenna for circularly polarised signals specified 
in Kilgus, "Resonant Quadrifilar Helix Design", The Microwave Journal, Dec. 1970, 
pages 49-54. Two of the element pairs 10C, 10CR; 10D, 10DR (i.e. one long element 
pair and one short element pair) are connected at the inner ends of the radial elements 
10CR, 10DR to the inner conductor 18 of the feeder structure at the distal end of the 

30 core 12, while the radial elements of the other two element pairs I OA, 10AR; 10B, 
10BR are connected to the feeder screen formed by metallic lining 16. At the distal 
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end of the feeder structure, the signals present on the inner conductor 18 and the feeder 
screen 16 are approximately balanced so that the antenna elements are connected to an 
approximately balanced source or load, as will be explained below. 

With the left handed sense of the helical paths of the longitudinally extending elements 
10A - 10D, the antenna has its highest gain for right hand circularly polarised signals. 

If the antenna is to be used instead for left hand circularly polarised signals, the 
direction of the helices is reversed and the pattern of connection of the radial elements 
is rotated through 90°. In the case of an antenna suitable for receiving both left hand 
and right hand circularly polarised signals, albeit with less gain, the longitudinally 
extending elements can be arranged to follow paths which are generally parallel to the 
axis. 

As an alternative, the antenna may have helical elements of different lengths as above, 
but with the difference in lengths being obtained by meandering the longer elements 
about respective helical centre lines. In this case, the conductive sleeve is of constant 
axial length, as disclosed in the above-mentioned co-pending British Patent 
Application No. 229263 8 A. 

The antenna is preferably directly mounted on a conductive surface such as provided 
by a sheet metal plate 24, as shown in Figure 3, with the plated proximal end surface 
12P electrically connected to the plate by, for example, soldering. In this embodiment 
metal plate 24 is part of the diplexer unit casing and the inner conductor 18 of the 
antenna for direct connection to a diplexer circuit as will be described below. The 
conductive lining 16 of the internal axial passage 14 of the antenna core is connected 
to the plated layer 22 of the proximal end face 12P of the antenna. 

From Figures 2 and 3 it will be appreciated that the antenna is current-fed at its distal 
end. In the first mode of resonance, the sleeve 20 acts as a trap element, largely 
isolating the antenna elements 10A - 10D from ground. As shown in Figure 4 A, the 
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amplitude of standing wave currents in the elements 10A - 10D is at a maximum at the 
rim 20U of the sleeve 20 where they pass around the rim so that the two pairs of 
elements 10A, 10C and 10B, 10D form parts of two loops which are isolated from the 
grounded proximal end face 12P of the antenna. Standing wave current minima exist 
approximately in the middle of the elements 10A - 10D. Voltage maxima H and 
minima L occur at locations of current minima and maxima respectively. In this mode 
of resonance, the radiation pattern of the antenna for right-hand circularly polarised 
signals is generally of cardioid form, directed distally and centred on the central axis of 
the core. In this quadrifilar mode, the antenna discriminates in the upward direction 
against left-hand polarisation, as mentioned above. 

In this embodiment, the second mode of resonance is at a lower frequency and 
represents a mode which is quite different from the first mode of resonance, as shown 
in Figure 4B. Again, the antenna is current-fed at the top, but standing wave currents 
decline to a minimum and voltages to a maximum H in the antenna elements 10A - 
10D at or near the rim 20U of the sleeve (specifically in a region a little above the rim 
20U this region being approximately midway between the distal feed point and the 
proximal ground connection). Current maxima and voltage minima (L) occur at the 
two extremes, i.e. at the distal feed point and the proximal ground connection. The 
currents are relatively high on the inside surface of the sleeve 20, but here they do not 
affect the radiation pattern of the antenna. The antenna exhibits quarter wave 
resonance in a manner very similar to a conventional inverted monopole with a 
predominantly single-ended feed. There is little current flow around the rim 20U, 
which is consistent with the single-ended feed. In this mode, the antenna exhibits the 
classic toroidal pattern of a monopole antenna with signals which are linearly polarised 
parallel to the central axis of the core. There is strong discrimination against 
horizontal polarisation. 

The antenna 1 also has a third mode of resonance, as indicated in Figure 4C. This is a 
higher frequency single-ended mode in which the antenna, instead of having an 
electrical length of about 180° at the relevant operating wavelength, has an electrical 
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length of about 360° (i.e. from the distal feed point to the ground connection of the 
sleeve). The frequency of resonance is about double that of the resonant frequency in 
the second mode of resonance. As in the second mode, the standing wave pattern 
exhibits current maxima and voltage minima at the two extremes, but in this case there 
5 is also a voltage minimum L electrically midway between the extremes, and two 
intermediate locations of voltage maxima H, as shown in Figure 4C. The radio 
communication apparatus of Figure 1 does not make use of the third mode of 
resonance, but appropriate modification of the coupling stage 2 could allow connection 
of circuitry operative at the relevant frequency of resonance. 

10 

It follows that although the apparatus described and shown is intended for use at 1575 
MHz and in the 800 - 900 MHz cellular telephone band, alternative arrangements are 
possible operating additionally in the 1700 - 1800 MHz PCN cellular telephone band. 
The antenna or one similar to it may also be used solely in the upper and lower cellular 

15 telephone bands, i.e. 800 - 900 MHz and 1700 - 1800 MHz, or at GPS frequency and 
just the upper cellular telephone band. Other combinations are possible, of course, and 
the dimensions of the antenna parts can be altered accordingly. In general, however, a 
plurality of single-ended modes of resonance are possible in which the electrical length 
of the conductive parts between the distal feeder connection and the grounding 

20 connection of the trap or sleeve is equal to n x 180° at the respective resonant 

frequencies, n being an integer, i.e. 1, 2, 3 In the two single-ended modes 

described above, n = 1 and 2 respectively. Each of these modes is characterised by a 
current maximum at the junction of the trap or sleeve and the feeder structure, i.e. at 
the ground connection of the trap or sleeve, and by currents in the diametrically 

25 opposed helical elements of each pair being spatially in phase with each other. In 
contrast, in balanced modes, such currents are in phase opposition, i.e. equal currents 
flowing in opposite directions. 

Similarly, it is possible to have balanced modes at higher frequencies than the first 
30 mode of resonance described above, in which modes the average electrical length 
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between the distal feed connection and the trap, specifically the rim of the sleeve, is 
about m x 1 80°, where m = 1, 2, 3, ... . 

For an antenna capable of receiving GPS signals at 1.575GHz and cellular telephone 

5 signals in the regions of 800 to 900 MHz, the length and diameter of the core 12 are 
typically in the region of 20 to 35 mm and 3 to 7 mm respectively, with the average 
axial extent of the sleeve 20 being in the region of from 8 mm to 16 mm. A 
particularly preferred antenna as shown in Figures 2 and 3 has a core length of 
approximately 28.25 mm and a diameter of approximately 5 mm, the average axial 

10 length of the sleeve 20 being about 12 mm. One surprising feature of the quadrifilar 
mode of resonance is that the performance in this mode is tolerant of some variation in 
the average axial length of the sleeve 20 from that corresponding to a transmission 
delay of 90" at the respective resonant frequency, to the extent that this length can be 
adjusted to obtain the required resonant frequency in the second mode of resonance. 

1 5 However, if it is necessary to vary the axial length of sleeve 20 so far from the quarter 
wavelength that performance of the antenna in the quadrifilar mode deteriorates to an 
unacceptable degree, it is possible to insert a choke in series between the sleeve 20 and 
the dipiexer unit 2 (specifically the conductive surface adjacent the antenna (see Figure 
1)) to restore at least an approximately balanced current drive at the antenna distal face 

20 12D. 

In the design process used to determine the above dimensions, a coarse approximation 
ignores those regions of the antenna where fringing or evanescent fields occur, as 
opposed to regions where the geometry is such as to facilitate modelling as 

25 transmission lines. Thus fringing paths may be viewed as those provided by the distal 
radial elements 10AR - 10DR, the rim 20U of the sleeve 20 and the proximal face 22 
(see Figures 2 and 3). Current in the helical elements 10A - 10D may be regarded as 
resulting in leaky guide propagation, while those occurring longitudinally in the sleeve 
20 produce non-leaky guide propagation, occurring as they do on the inside surface of 

30 the conductive layer forming the sleeve. 
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Thus, for example, a guide parameter s efr for lines formed by the antenna elements can 
be characterised for various helical line pitches. Each helical line can be regarded for 
the purposes of axial propagation, as a transmission line surrounded by a dielectric 
medium of relative dielectric constant e cfr which is dependent on the relative dielectric 
5 constant s r of the core, and the core and element geometries. This parameter e e fr can be 
measured by performing eigenvalue delay measurements which yield phase velocities 
in the lines, in turn yielding values for e €fT resolved in the axial direction. For instance, 
measurements may be performed for a core diameter of 5 mm and various helical 
pitches to produce a graph in which e €fr is plotted against pitch angle, which allows 
1 0 estimates for E cff to be made at intermediate pitch angles. 

Characteristic line parameters can then be used to construct an antenna in which each 
opposing pair of helical elements is dimensioned to correspond approximately to the 
required total electrical length of X, i.e. 360° in phase at the frequency of resonance 
15 required for balanced operation (the "firsf'mode of resonance refened to above). In 
fact, to achieve best circular polarisation gain, one pair should be equivalent to 360° at 
a frequency slightly above the required resonant frequency, and the other pair 360° at a 
frequency slightly below resonance. 

20 Having thus calculated the lengths of the helical elements, the electrical length of those 
elements at the required resonant frequency in the second mode of resonance may be 
determined by simply scaling by the ratio of the two frequencies of the two resonant 
modes, and subtracting the scaled length from the overall monopole electrical length of 
180° to produce the required electrical length for the sleeve. In this case we choose 

25 180° if single-ended operation is required at a lower frequency than the first mode, 
corresponding to the "second" mode of resonance shown in Figure 4B. It is then 
possible, knowing the required lower frequency for this "second" resonance mode, to 
estimate the approximate length of the sleeve. 

30 If, instead, a higher frequency is required for single-ended operation, 360° is chosen as 
the total electrical length of helical elements and sleeve, since the "third" mode of 
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resonance illustrated in Figure 4C (or one with a greater number of standing wave 
peaks) is used. 

Considering now the coupling of the antenna to radio communication circuitry, the 
diplexer unit 3 of Figure 1 contains a pair of filters, a reactance compensating stub and 
an impedance transforming element to match the antenna to both units 4 and 5 and to 
isolate the signals of one with respect to the signals of the other. 

In an alternative arrangement the antenna may be mounted spaced from the diplexer 
unit 3 as will be described below with reference to the Figure 8. 

Referring to Figure 5, the diplexer unit 3 of Figure 1 has a screening casing (as shown 
in Figure 1) enclosing a single insulative substrate plate 30 with a conductive ground 
layer on one side (the hidden side of plate 30 as viewed in Figure 5), the other side of 
the plate bearing conductors as shown. These conductors comprise, firstly, an 
impedance transforming section 32 as a conductive strip forming a transmission line 
section extending between one end 33, which is connected to the antenna inner 
conductor, and the other end 34 which forms a circuit node. Secondly, connected to 
the node 34 are two bandpass filters 36, 38. Each is constituted by three inductively 
coupled parallel-resonant elements, with each element being formed of a narrow 
inductive strip 36A, 38A grounded at one end by a plated-through hole 36B, 38B and 
having a capacitor plate 36C, 38C at the opposite end, forming a capacitor with the 
ground conductor on the other surface of the substrate. In the case of each filter 36, 
38, the inductive strip 36A, 38A nearest the node 34 is connected to the latter by an 
electrically short tapping conductor 40, which is tapered to effect a further impedance 
transformation. In each case, the inductive strip furthest from the node 34 is coupled 
to tapping lines 42 (which are also tapered near the filter) coupling the filter to 
respective equipment connections 44. 
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As will be apparent from the different sizes of filters 36, 38, they are tuned to different 
frequency bands, in fact the two bands corresponding to the two modes of resonance of 
the antenna 1 . 

5 Impedance matching at both resonant frequencies is achieved by the combination of 
the transforming section 32 and an open-circuit ended stub 46 extending from node 34 
as shown in Figure 5. 

Transforming section 32 is dimensioned to have a characteristic transmission line 
10 impedance Z 0 given by:- 

Z 0 = V(Z S Z L ) 

where Z s is the characteristic impedance of the antenna 1 at resonance, and Z L is a 
selected load impedance for the node 34 to suit filters 36 and 38. The length of the 
transforming section 32 is arranged to correspond to a transmission delay of about 90* 

15 at a frequency approximately midway between the two frequency bands corresponding 
to the first and second modes of resonance, in this case approximately 1.22 GHz. The 
effect of the transforming section 32 at different frequencies is illustrated by the Smith 
chart of Figure 6A which represents the impedance seen at node 34 due to the 
transforming section 32 in the absence of the stub 46 over a range of frequencies from 

20 0.1 to 1.6 GHz. Sections A and B of the curve indicate the two frequency bands 
centred on 860 MHz and 1.575 GHz, and it will be seen that a resistive impedance is 
obtained at the centre of the chart, at a frequency between the two bands, as mentioned 
above. The effect of stub 46 (see Figure 5) is now considered with reference to the 
Smith chart of Figure 6B. At low frequencies, the impedance presented solely by stub 

25 46 at node 34 is relatively high, as is evident from the end of the curve in Figure 6B 
being close to the right-hand side of the chart. With increasing frequency, the 
impedance passes around the perimeter of the chart through a zero impedance point 
corresponding to a frequency approximately midway between the frequency bands A 
and B due to the selected lengths of stub 46. 

30 
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Comparing Figures 6A and 6B, it will be noted that the impedance at node 34 due to 
transforming section 32 in band A has an inductive reactance component, whilst the 
impedance in band B has a capacitive reactance component. In the Smith charts, the 
curves emanating from the right-hand end are lines of constant reactance. From Figure 
5 6B, it will be seen that the stub 46 is so dimensioned that the reactance component of 
the impedance presented solely by the stub 46 at node 34 in band A is capacitive and at 
least approximately equal to the inductive reactance in band A shown in Figure 6 A. 
Similarly, the impedance due to stub 46 in band B has an inductive reactance 
component which is at least approximately equal in magnitude to the capacitive 
1 0 reactance component in band B as shown in Figure 6A. 

Referring now to Figure 6C, the trace of the impedance at node 34 due to the 
combination of the transforming section 32 and the stub 46 follows a loop which 
begins, at low frequency, at an impedance corresponding to the source impedance at 

15 the port 3 A indicated in Figure 1. With increasing frequency, the trace follows a loop 
which crosses the resistance line twice. The first crossing corresponds approximately 
to the centre of band A as shown by the curve in Figure 6D which is simply a portion 
of the curve shown in Figure 6C corresponding to frequency band A, whilst the second 
crossing of the resistance line represents the approximate centre of band B, as shown 

20 by the curve of Figure 6E which is also a portion of the curve shown in Figure 6C. In 
this way, the elements of the diplexer perform a good impedance match of the antenna 
1 to the filters 36, 38 in both frequency bands A and B, with the reactances of the stub 
46 compensating at least partly for the reactances due to the transforming section. 
Each filter presents a relatively high impedance at the frequency of the other filter, 

25 thereby providing isolation between signals in the two bands. 

In the example shown in Figure 1, this isolation is used to isolate a GPS receiver 4 
from cellular telephone signals fed to and from a telephone unit 5. 
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An alternative antenna system is shown in Figure 7. In this case, the antenna 1 is 
mounted on a laterally extending conductive surface 2 which, rather than being part of 
a diplexer casing, forms part of another metallic structure, such as a vehicle body. The 
antenna is coupled through a hole in the surface 2 by means of a feed cable 50 coupled 
5 to the common port 3 A of a diplexer 3, the latter being similar to the diplexer of the 
embodiment described above with reference to Figure I. Feed cable 3 has an inner 
conductor coupled to the axial inner conductor of the antenna 1 and an outer shield 
which is connected to the plated proximal face of the antenna. At the diplexer end of 
cable 50, the shield is connected to the diplexer casing and directly or indirectly to the 
10 ground plane of a microstrip diplexer board within the casing, similar to that shown in 
Figure 4. 

Unless the characteristic impedance of feed cable 50 is the same as the source 
impedance represented by the antenna 1, the cable 50 acts as an impedance 

15 transforming element. The extent to which this .occurs depends on the length of the 
cable and the value of the characteristic impedance, and the microstrip diplexer 
element is correspondingly altered such that the required total impedance 
transformation occurring between the antenna 1 and the node 34 of the diplexer (see 
Figure 4) has the same effect as the transforming section 32 of the diplexer of the first 

20 embodiment described above, and shown in Figures 1 and 4. Thus, the electrical 
length of the combination of cable 50 and the impedance transforming section of the 
diplexer 3 is about 90° at a frequency approximately midway between the two 
frequency bands corresponding to the first and second modes of resonance. It is 
possible, therefore, for the microstrip diplexer to be as shown in Figure 4 but with 

25 impedance transforming section 32 having a much reduced length, or being formed at 
least in part by a microstrip section having a characteristic impedance equal to the load 
impedance at load 34. Typically, feed cable 50 has a characteristic impedance of 10 
ohms. 

30 The system of Figure 7 uses the alternative antenna mentioned above, in that, while 
having four helical elements which are generally coextensive and coaxial, two 
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appositely disposed elements follow meandered paths to achieve the differences in 
length which bring about the required phase shift conditions for a quadrifilar helix 
antenna for circularly polarised signals. The meandering of one pair of elements takes 
the place of the irregular rim of the sleeve 20 shown in Figure 2, so that in this 
embodiment sleeve 20 has a circular upper edge which extends around the antenna 
core at a constant distance from th<e proximal end. Characterisation of the guide 
parameters for meandered elements can be achieved as outlined above with an 
extension factor as a multiplier for E e rr obtained for a simple helix of the same average 
pitch angle. 

In the embodiments described above, the antenna 1 and its coupling stage 2 are shown 
connected to separate radio communication devices. It will be understood that the 
invention can be applied to an integrated device such as that shown in Figure 9. In this 
example, a single handheld unit incorporates both GPS and cellular telephone 
circuitry, specifically a GPS receiver 4' and a telephone transceiver 5'. These, together 
with a diplexer 2' and an antenna 1 are all housed in a single casing 60. 

This application is divided from Application No. 9706317.6 which includes a claim 
directed to radio communication apparatus comprising an antenna and, connected to 
the antenna, radio communication circuit means operable in at least two frequency 
bands, the antenna being resonant in first and second resonance modes. 
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CLAIMS 

1 . A diplexer for coupling to an antenna and for operation at frequencies in excess 
of 200 MHz comprising: 
5 an impedance transforming element in the form of a length of transmission line 

having one end coupled to or for coupling to the antenna, the other end forming a 
circuit node, 

at least first and second equipment connections, 

a first bandpass filter tuned to one frequency and connected between the node 
1 0 and the first equipment port. 

a second bandpass filter tuned to another frequency and connected between the 
node and the second equipment port, and 

a reactance compensating element connected to the node. 

15 2. A diplexer according to claim 1, wherein the reactance compensating element 
is a stub element. 

3. A diplexer according to claim 2, wherein the impedance transforming element 
and the stub are microstrip components, in the form of conductive strips on one side of 

20 an insulative plate, the other side of the plate having a conductive coating acting as a 
ground plane, and wherein the stub element is open circuit. 

4. A diplexer according to claim 2 and claim 3, wherein the length of the 
transmission line forming the impedance transforming element is such as to effect a 

25 resistive impedance transformation at a frequency between the upper and the lower 
frequency whereby the impedances at the said node due to the transforming element at 
the two frequencies have, respectively, a capacitive reactance component and an 
inductive reactance component, and wherein the stub length is such as to yield 
inductive and capacitive reactances respectively at the two frequencies thereby at least 

30 partly compensating for the said capacitive and inductive reactances due to the 
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transforming element so as to yield at the node a resultant impedance at each of the 
two frequencies which is more nearly resistive. 

5. A diplexer according to claim 4, wherein the length of the transmission line is 
such as to provide a transmission delay of about 90" at a frequency approximately 
midway between the upper and lower frequencies. 

6. A diplexer according to any of claims 2 to 5, wherein the filters are formed 
from microstrip components using the same substrate as the impedance transforming 
element and the stub. 

7. A diplexer constructed and arranged substantially as herein described and 
shown in Figure 5 of the drawings. 
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